The sesquiterpene phytolactone derived from Artemisia annua, artemisinin is 11 associated with a variety of novel biological properties, such as immunoregulatory and 12 anticancer effects, and therapeutic applications, apart from its main function as an 13 4 57 Naturally, artemisinin biosynthesis occurs in glandular secretory trichomes that are 58 present on foliage, stems and inflorescences of the A. annua plant [15, 16]. Due to its 59 compartmentalized synthesis and influence by physiological, seasonal and environmental 60 factors, artemisinin concentration is highly variable with reported values of 0.1 -10 mg g -1 61 dry weight (DW) [11, 17]. With the biosynthetic pathway of artemisinin formation fully 62 elucidated over the past decade, it was learnt that within the species A. annua two contrasting 63 chemotypes can be distinguished, which are characterized by the differing contents of 64 artemisinin and its precursor (Fig 1) . While both possess artemisinin, the high-artemisinin 65 producing (HAP) chemotype contains relatively higher levels of dihydroartemisinic acid 66 (DHAA) and artemisinin, and the low-artemisinin producing (LAP) chemotype has higher 67 contents of artemisinic acid and arteannuin B (a non-antimalarial product) [18, 19]. Despite 68 the difference in biochemical phenotype which is attributed to the differential expression of 69 one artemisinin biosynthesis specific gene artemisinic aldehyde Δ11(13) reductase (DBR2), 70 both chemotypes undergo similar spontaneous photooxidation reactions to produce 71 artemisinin or arteannuin B from its direct precursors [20-23]. 72 Fig 1. Schematic representation of artemisinin biosynthesis. 73 Synthesis occurs in the glandular trichome secretory cells of A. annua and sequestration of 74 artemisinin takes place in the subcuticular space. The two branching pathways leading to 75 artemisinin and arteannuin B of the artemisinin biosynthetic pathway (dashed line box) are 76 depicted and the final non-enzymatic photo-oxidation reaction is shown in red. MEP, 77 methylerythritol 4-phosphate; MVA, mevalonate; GST, glandular secretory trichome; ADS, 78 amorpha-4,11-diene synthase; CYP71AV1, cytochrome P450 monooxygenase; DBR2, 79 artemisinic aldehyde Δ11(13) reductase; ALDH1, aldehyde dehydrogenase 1. 80 As a secondary metabolite used mainly in defence mechanisms, production of 81 artemisinin would naturally be induced and enhanced under environmental stresses. Under 5 82 such adverse conditions the elevation of secondary oxidative stress, which is a consequence 83 of primary biotic/abiotic stress, is in a direct synergistic relationship with artemisinin 84 production [24-27]. On such basis, the biotechnological method elicitation which mimics the 85 natural induction of plant stress is the method of choice to enhance the production of 86 artemisinin. The positive effects of UV-B and DMSO on the production of artemisinin had 87 been verified by previous studies on A. annua seedlings [28, 29], in vitro propagated plantlets 88 [30] and shoot cultures [31]. Former studies had also shown that artemisinin production can 89 be enhanced by different elicitors in A. annua cell cultures [32-35]. However, to our 90 knowledge, the effect of UV-B and DMSO elicitation on the contents of artemisinin 91 synthesized by a LAP chemotype cell culture has not previously been reported. As LAP 92 chemotype preferentially converts its precursor artemisinic acid to arteannuin B than 93 artemisinin under normal circumstances, it seemed possible that stress factors could induce a 94
suspension. The fine cell suspension was then diluted with the same volume of fresh medium 138 (dilution of 1:1 v/v), distributed into two 100 mL Erlenmeyer flasks and incubated in the 139 same conditions. Medium volume was increased to 50 mL in the following subcultivation Fisher Scientific, USA), rinsed with distilled water and blotted to remove excess water. The 148 cells were then oven dried at 60°C for 24 h to determine the dry weight (DW) [42] . Triplicate 149 flasks were used in this experiment. Cell viability analysis by MTT tetrazolium reduction assay 151 To evaluate viability of A. annua cells over the growth period of 35 days, the 3-(4,5-152 dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) tetrazolium reduction assay 153 was carried out according to with minor modifications. Suspension 8 154 cells (1 mL) were washed twice with 50 mM phosphate buffer (pH 7.5) and resuspended in 1 155 mL of the same buffer. MTT (115 µL) was added to a final concentration of 1.25 mM. 156 Samples were then incubated in darkness for 1 h at 37°C. To dissolve the formazan crystals, 157 1.5 mL solubilization solution (50% [v/v] MeOH containing 1% [w/v] sodium dodecyl 158 sulfate) was added to the samples and incubated at 60°C for 30 min. Samples were 159 centrifuged at 1880 ×g for 5 min at room temperature and supernatant recovered. Absorbance 160 was quantified at 550 nm. 162 The effects of UV-B treatment in enhancing the capacity of A. annua cell cultures to 163 produce artemisinin were tested on 10-day-old suspension cultures (after subculture). Flasks 164 were exposed to artificial UV-B radiation for 0, 1, 2, 3, 4 and 5 h, respectively. UV-B 165 radiation was artificially provided by UV-B Narrowband TL lamp (TL 20W/01 RS SLV/25) 166 (Philips Lighting Holding B. V., Netherlands) at a given dosage of 2.9 W m -2 . Cells were 167 harvested immediately by filtration after every hour of UV-B treatment for biochemical and 168 molecular analysis.
161

UV-B elicitation and sample collection
169
DMSO treatment and sample collection
170
DMSO concentrations were manipulated to evaluate impact on artemisinin production 171 in 5-day-old suspension cultures (after subculture). Old liquid medium was removed by 172 filtering through a 100 µm nylon cell strainer (Falcon ® ; BD Biosciences, USA), the trapped 173 cells were then returned to the flask and 50 mL fresh liquid media supplemented with the 174 same hormone regime was added. Thereafter, filter-sterilized DMSO (Sigma-Aldrich, USA) 175 was added at increasing concentrations (0, 0.1, 0.25, 0.5, 1.0, 2.0% [v/v]). Flasks were 176 cultured under the same growth conditions and cells were harvested one-week post-treatment.
177
Artemisinin extraction and determination 178 For crude extract preparation, treated and untreated cells were harvested and dried in 179 the same manner as described above, and ground into fine powder using a pestle and mortar.
180
Artemisinin was extracted as described by Xiang et al. [44] with minor modifications.
181
Briefly, 500 mg of dry powder were extracted with 50 mL of petroleum ether (analytical 182 grade; Merck, Germany) in an ultrasonic bath for 30 min, the extraction mixture was filtered, 183 followed by a second extraction with 50 mL of petroleum ether and sonicated for 10 min.
184
Filtrates from both extractions were pooled. Employing a rotary evaporator (Büchi Rotavapor 185 R-200, Switzerland), filtrates were evaporated to dryness in vacuo at 50°C. Residue was re-186 dissolved in 5 mL methanol (HPLC grade; Merck, Germany) and stored in -20°C. Prior to 187 HPLC analysis, 1 mL of the solution was filtered through a 0.45 µm nylon membrane filter 188 (Merck Millipore, USA).
189
Artemisinin detection was performed using an Agilent 1260 Infinity LC system 190 equipped with a Hypersil GOLD C18, 250 × 4.6 mm column (pore size 175 Å, particle size 5 The 3'-end of the DBR2 promoter was amplified by PCR using DNA as template, and 202 primers pDBR2 for and pDBR2 rev (S2 Table) [23]. The PCR system included 10 µM forward 203 primer and 10 µM reverse primer, 0.5 µL of genomic DNA, 10 mM dNTP mix, 5 µL of 5× housekeeping genes: ubiquitin (UBI), actin 2 (ACT2) was carried out using Mastercycler ® 225 nexus gradient. Reactions were performed in a total volume of 25 µL with 100 ng cDNA, 10 11 226 µM forward and reverse gene-specific primers and 5× Green GoTaq ® Flexi Buffer. Cycling 227 conditions were 10 min at 95°C; 40 cycles of 30 s at 95°C, 30 s at 60°C, 30 s at 72°C.
228
Amplified products (10 µL) were electrophoresed on 1% (w/v) agarose gel at 90V for 45 229 min. All primers are listed in S2 Table. 230 Data analysis 231 Each of the two treatments (UV-B and DMSO) was replicated six and nine times, tolerance to recurring stress in terms of rapid growth as lag phase is often associated with 250 minimal growth that is compromised for the exploitation of new environmental conditions 251 [47, 48] . It is also likely that the lag phase has been limited to a duration of only 1-3 days 252 when subculture is conducted during the exponential or linear phases [49] . The subculture 253 period of 3-week interval of the present study may justify the shortened lag phase. (Fig 3) . This is consistent with the general trend that LAP chemotype is To test our hypothesis that elicitation with physical and chemical stress may lead to a 289 shift in the biosynthetic mechanism of a LAP favouring artemisinin formation instead of 290 arteannuin B, A. annua suspension cultures were subjected to UV-B radiation and DMSO 291 application independently. The effects of these stress treatments are shown in Table 1 and 2.
292
In the present study, short term UV-B radiation showed only limited effect on the production 293 of artemisinin with the 2 h exposure yielding the highest artemisinin content among other 294 exposure hours but was marginally low compared to the untreated cultures. The treated cell 295 suspension cultures showed no significant effect on the accumulation of artemisinin (Table   296 1). On the other hand, suspension cultures treated with varying DMSO concentrations did not 14 297
show any enhancement in artemisinin production as well, in which case artemisinin is 298 virtually absent (Table 2) Viewed together, the hypothesis that these applied stress treatments would stimulate in minimizing the loss of artemisinin in such in vitro production system.
377
In the case of UV-B elicitation, however, artemisinin was detected in cell extracts 378 (albeit at low levels and fluctuations) but remained undetected in the medium. These findings 379 appear to support the assumption that an as-yet-unknown self-resistance mechanism towards and it was found that those genes were expressed in juvenile leaves (Fig 4) A. annua cells would likely lead to the truncation of artemisinin biosynthesis pathway.
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Lacking genes encoding both DBR2 and ALDH1 enzymes necessary for the preceding steps 
